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ABSTRACT
Line-of-sight kinematic studies indicate that many Galactic globular clusters have a
significant degree of internal rotation. However, three-dimensional kinematics from a
combination of proper motions and line-of-sight velocities are needed to unveil the role
of angular momentum in the formation and evolution of these old stellar systems. Here
we present the first quantitative study of internal rotation on the plane-of-the-sky for
a large sample of globular clusters using proper motions from Gaia DR2. We detect
signatures of rotation in the tangential component of proper motions for 11 out of
51 clusters at a >3-sigma confidence level, confirming the detection reported in Gaia
Collaboration et al. (2018a) for 8 clusters, and additionally identify 11 GCs with a 2-
sigma rotation detection. For the clusters with a detected global rotation, we construct
the two-dimensional rotation maps and proper motion rotation curves, and we assess
the relevance of rotation with respect to random motions (V/σ ∼ 0.08 − 0.51). We
find evidence of a correlation between the degree of internal rotation and relaxation
time, highlighting the importance of long-term dynamical evolution in shaping the
clusters current properties. This is a strong indication that angular momentum must
have played a fundamental role in the earliest phases of cluster formation. Finally,
exploiting the spatial information of the rotation maps and a comparison with line-of-
sight data, we provide an estimate of the inclination of the rotation axis for a subset
of 8 clusters. Our work demonstrates the potential of Gaia data for internal kinematic
studies of globular clusters and provides the first step to reconstruct their intrinsic
three-dimensional structure.
Key words: globular clusters: general - stars: kinematics and dynamics - proper
motions
1 INTRODUCTION
Globular clusters (GCs) are old stellar systems (> 10 Gyr)
shaped by the complex interplay between internal evolution-
ary processes (stellar evolution and dynamical evolution)
and external processes (interaction with the host galaxy).
The details of their formation and subsequent long-term
evolution remain an unanswered question in modern astro-
physics.
GCs have long been considered spherical, non-rotating
stellar systems, given that internal relaxation processes
would naturally dissipate angular momentum on a long-
term evolutionary scale (see e.g. Tiongco et al. 2017 and
references therein). However, in recent years, an increasing
? E-mail: bianchip@mcmaster.ca
† CITA National Fellow
number of line-of-sight kinematic studies have shown evi-
dence that a significant amount of internal rotation is ac-
tually present in many present-day Milky Way (MW) GCs
(Ferraro et al. 2018; Lanzoni et al. 2018; Kamann et al. 2018;
Boberg et al. 2017; Jeffreson et al. 2017; Lardo et al. 2015;
Kimmig et al. 2015; Fabricius et al. 2014; Kacharov et al.
2014; Bianchini et al. 2013; Bellazzini et al. 2012; Lane et al.
2011). As of today, more than 50% of the GCs sampled show
clear signatures of internal rotation (Kamann et al. 2018).
Moreover, signatures of rotation have also been reported for
intermediate-age clusters (e.g. Mackey et al. 2013), young
massive clusters (Hénault-Brunet et al. 2012) and nuclear
star clusters (Feldmeier et al. 2014; Nguyen et al. 2018), in-
dicating that internal rotation is a common ingredient across
dense stellar systems of different scales.
On the theoretical side, the presence of a significant
amount of internal rotation raises a series of fundamental is-
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sues connected to the formation and evolution of GCs. First,
rotation is expected to change the long-term dynamical evo-
lution of GCs, with a number of studies indicating that
rotation accelerates the evolution (e.g. Einsel & Spurzem
1999; Kim et al. 2008; Hong et al. 2013) and strongly shapes
their present day morphology (van den Bergh 2008; Bian-
chini et al. 2013). Moreover, even a low amount of angular
momentum in todays GCs could represent the fossil-record
of strong primordial rotation in proto-GCs (Tiongco et al.
2017, Mapelli 2017) or indicate a peculiar evolution environ-
ment (Vesperini et al. 2014; Tiongco et al. 2018). Finally,
signatures of internal rotation could be crucial in reveal-
ing the formation mechanisms of the still-unsolved puzzle of
multiple stellar populations in GCs (Mastrobuono-Battisti
& Perets 2013; Hénault-Brunet et al. 2015; Mastrobuono-
Battisti & Perets 2016; Cordero et al. 2017).
Despite the recent advances in the study of internal
rotation along the line-of-sight, only a handful of works
have provided direct measurements of rotation on the plane-
of-the-sky. In fact, high accuracy Hubble Space Telescope
(HST ) proper motions (PMs) only deliver relative measure-
ments, implying that any solid body rotation is canceled
out in the data due to the astrometric reduction (McNa-
mara et al. 2003; McLaughlin et al. 2006; Anderson & van
der Marel 2010; Bellini et al. 2014; Watkins et al. 2015a,b).
A few exceptions include the study of NGC5139 by van
Leeuwen et al. (2000) with photographic plates spanning
several decades; the HST studies of NGC104 (Anderson &
King 2003; Bellini et al. 2017) and NGC362 (Libralato et al.
2018) exploiting the background stars of the Small Magel-
lanic Cloud as an absolute reference frame against which to
measure the rotation of the cluster; and the HST study of
NGC6681 by Massari et al. (2013) using background stars
of the Sagittarius dwarf spheroidal galaxy as a reference. Fi-
nally, indirect measurements of rotation on the plane-of-the-
sky have been reported studying the shape of the proper mo-
tion distributions of NGC6656, NGC104 and NGC5139 (Pe-
terson & Cudworth 1994; Heyl et al. 2017; Bellini et al. 2018,
respectively), or by geometric reconstruction for NGC5139
and NGC7078 (see van de Ven et al. 2006 and van den Bosch
et al. 2006, respectively).
In order to understand the role of angular momentum
in GCs, a simultaneous analysis of rotation along the line-
of-sight and on the plane-of-the-sky is necessary. This was
demonstrated by Bellini et al. (2017) who discovered the
presence of an unexpectedly high amount of intrinsic in-
ternal rotation in NGC104, with the combination of three-
dimensional kinematics and dynamical models. Gaia DR2
proper motions provide the optimal tool to directly detect
internal rotation on the plane-of-the-sky (Gaia Collabora-
tion et al. 2016a, 2018b,a) and the necessary first step for a
three-dimensional analysis of GC dynamics. Gaia Collabora-
tion et al. (2018a) demonstrated the feasibility of these mea-
surements with DR2 and reported a qualitative detection of
rotation for 8 GCs. Moreover, an analysis of the rotation
profiles of the different stellar populations of NGC104 was
reported in Milone et al. (2018). The goal of our paper is to
provide a homogenous investigation of rotation on the plane-
of-the-sky for a large sample of GCs, quantifying the amount
of angular momentum and its spatial distribution, together
with an interpretation of the three-dimensional structure of
a GC. In Section 2 we describe the selection of our targets
in Gaia DR2, in Section 3 we present the procedure fol-
lowed to clean the datasets and the analysis to measure the
global rotation, the proper motion rotation profile and rota-
tion maps. In Section 4 we present our results, we assess the
role of angular momentum with respect to random motions,
and estimate the inclination angle of the rotation axis for a
subsample of clusters. Finally, in Section 5 we discuss our
conclusions.
2 TARGET SELECTION
We consider a total of 85 Milky Way globular clusters with
distance from the Sun < 15 kpc. For these clusters, we per-
form mock observations of PM rotation in order to deter-
mine for which systems a rotation signal could be detectable
with Gaia DR2.
For each cluster we select all stars within three half-
light radii (3Rh, with Rh and the coordinates of the centre
of the clusters from the Harris Catalogue, Harris 1996, 2010
edition) from Gaia Data Release 1 (Gaia Collaboration et al.
2016a,b). For each of the stars we assign a mock velocity
field consisting of a radially-constant velocity dispersion for
both the radial and tangential velocity component µr and µt,
drawn from a Gaussian distribution centred on zero and with
a dispersion of 10 km s−1 . Moreover, we add a rotational
component in the tangential direction given by
µt =
2Vpeak
Rpeak
R
1 + (R/Rpeak)2
, (1)
describing the typical differential rotation profiles of GCs ob-
served in line-of-sight velocity measurements (e.g. Kacharov
et al. 2014; Mackey et al. 2013). We consider as the peak
of the velocity profile Vpeak = 1 km s−1 and as the radial
position of the rotation peak Rpeak = Rh. Finally, we as-
sign to each velocity an estimated measurement error com-
puted using the PyGaia package,1 in order to reproduce the
expected proper motion accuracy of Gaia DR2. Our mock
observations assume that all the stars measured within 3Rh
are genuine cluster members; moreover we restrict our anal-
ysis to within 3Rh from the cluster centres since this is the
typical region where the rotation signal is expected to be
significant (e.g. Bianchini et al. 2013; Ferraro et al. 2018).
For each cluster, we measure the rotation signal (i.e. the
mean value of the µt velocity component) and the associated
68% uncertainties considering the log-likelihood function
− log λ = − log
N∏
i=1
p(vi, i) = −
N∑
i=1
log p(vi, i), (2)
with p(vi, i) the probability of finding a star with velocity
vi and uncertainty i, given a mean velocity v and velocity
dispersion σ (see e.g. Kamann et al. 2018)
p(vi, i) =
1
2pi
√
σ2 + 2i
exp− (vi − v)
2
2(σ2 + 2i )
. (3)
We compute the average rotation in the tangential compo-
nent within 3Rh, the velocity dispersion and the associated
1-sigma errors sampling the log-likelihood function (equa-
tion 2) using the Markov Chain Monte Carlo algorithm em-
cee by Foreman-Mackey et al. (2013). Clusters for which the
1 https://github.com/agabrown/PyGaia
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3rotation signal was recovered with at least a 3-sigma confi-
dence level were selected as our targets and further consid-
ered for the analysis of the Gaia DR2 dataset. The GCs that
did not pass the cuts are typically characterized by numbers
of stars in the field-of-view N <∼ 103 and are at distances
d>∼ 10 kpc. The list of the selected 51 GCs are reported in
Table 1. These clusters are the objects for which we should
be able to detect at least a 1 km s−1 rotation signal given
their distance and number of member stars.
3 MEASUREMENT OF ROTATION ON THE
PLANE OF THE SKY
For the 51 selected targets we consider all the stars from
Gaia DR2 within 3Rh of their centres. In this section we
describe the procedure used to select cluster members, elim-
inate likely foreground and background contamination, and
detect rotation signals.
3.1 Selection of cluster members
First, we clean each cluster sample of poorly measured stars
based on their photometric and astrometric errors, here in-
dicated as σ. All stars with photometric or astrometric er-
rors larger than 3〈σ〉 at a given magnitude are rejected. We
next consider a set of nested criteria for our membership
selection based on the stars’ parallaxes (1), position in the
colour-magnitude diagram CMD (2), and their PM (3).
In step (1), each list is cleaned of obvious MW contam-
inants based on their heliocentric distances inferred from
parallaxes. Given the distance of a star d and its error σd,
stars at distances of d+3σd < X are considered as contami-
nants, with X=1 kpc for all the GCs at a distance d < 6 kpc
and X=5 kpc for GCs with d > 6 kpc. In step (2) PARSEC
isochrones (Marigo et al. 2017) are used to define a region
in the CMD where member stars are expected to be found.
Only stars whose position in the CMD is compatible with
the used isochrones are considered as possible members. We
use 2σ as the maximum allowed distance from the star to
the isochrone. Isochrones were chosen to have the known
age, metallicity and reddening of each given cluster (from
Harris 1996, see also Table 1).
Member stars move coherently forming a clump in PM
space. In step (3), we search the PM space for any overden-
sity of stars and determine which stars belong to it. We use
DBSCAN, a density-based clustering algorithm, for this task
(Ester et al. 1996). DBSCAN uses a distance, , to determine
whether two points are density-connected in the PM space.
We define this distance as:
 = σ1D/2 + 〈σν〉+ 3σ(σν),
where σ1D is the intrinsic velocity dispersion of the cluster in
1D converted to PM (we consider the central values of the
velocity dispersion reported in Baumgardt & Hilker 2018,
see also Table 1), 〈σν〉 is the average error in PM of the
sample, and σ(σν) is the dispersion of the error in PM. Us-
ing the distance , a cluster defined by DBSCAN must satisfy
two properties: all points within the cluster must be mu-
tually density-connected, and any point density-reachable
from any point of the cluster is also part of the cluster. Us-
ing these criteria, DBSCAN identifies co-moving stars that are
likely members of the cluster.
Each one of the steps from our pipeline produces a flag
that is used to characterize the star membership probability
from 0 to 3. We consider as cluster members those stars
that simultaneously satisfy all of the selection criteria. In
Table 1 we report the number of selected stars for each of
the cleaned samples and in Figure 1, we show the cleaned
data for NGC6656 and NGC6352, as an example.
The proper motion diagrams of Figure 1 present
spike features for high velocity stars.2 These spikes re-
flect low-quality astrometric measurements, specifically due
to a dishomogeneous scanning pattern of Gaia, and can
be identified through the astrometric quality parameter
variability_periods_used (see e.g. Lindegren et al. 2018).
The details of the effects on kinematics of these features
are described in a follow up paper (Bianchini et al. in
prep.). In this work, we verify that the rotation detec-
tions reported in the next sections do not depend on
these features: kinematics subsamples that include a cut in
the variability_periods_used give results fully consistent
with the one obtained in the following sections.
3.2 Global rotation measurements
To measure the rotation on the plane-of-the-sky, we con-
vert the stellar positions into cartesian coordinates centred
on each cluster (centres from the Harris Catalogue, Harris
1996), with the positive x-axis pointing toward West and
the positive y-axis pointing toward North, using equation
(1) from van de Ven et al. (2006). The proper motions in
the RA and Dec components are converted accordingly into
a cartesian coordinate system using the orthographic pro-
jection reported in equation (2) of Gaia Collaboration et al.
(2018a), with positive µx in the direction of West.3 Finally,
we transform the proper motions in radial and tangential
components (µr,µt) in polar coordinates, with positive µr
indicating velocities away from the cluster centre and posi-
tive µt indicating counterclockwise movements. In the rest
of this paper we will focus on the analysis of the tangential
component of the proper motions and analyze the radial
component in Section 4.2.
We compute the global rotation along the tangential
component within 3Rh using equation 2, as described in
Section 2. The results are reported in Table 1 and plotted
in Figure 2. Out of the 51 GCs analyzed, 11 display an av-
erage value of µt significantly different than zero at a con-
fidence level > 3-sigma. These clusters are indicated as red
symbols in Figure 2. We confirm the detection of rotation
in NGC104, NGC5139, NGC5272, NGC5904, NGC6656,
NGC6752, NGC6809, NGC7078 reported by Gaia Collab-
oration et al. (2018a), and additionally we detect rotation
in NGC4372, NGC6273 and NGC7089.
Gaia Collaboration et al. (2018a) and Lindegren et al.
(2018) reported that systematics errors are present in Gaia
DR2, in particular a ∼ 1◦ small-scale component, related to
the Gaia scan pattern. Following the procedure outlined in
Section 3.1 of van der Marel et al. (2018) for M31, we ensure
2 Notice that these stars are excluded by our membership selec-
tion.
3 This transformation is strictly necessary for objects with large
apparent size and at large distance from the equatorial plane.
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Table 1. Properties of the 51 selected clusters and their derived kinematic properties from Gaia DR2. For all GCs we report the distance
d, the half-light radius Rh, the metallicity [Fe/H], distance modulus (m−M)V and reddening E(B−V ) from the Harris catalog (Harris
1996), the central velocity dispersion σ0 from Baumgardt & Hilker (2018), the number of selected member stars from Gaia DR2, and
the measured rotation signal in the tangential proper motion component within 3 half-light radii µt(< 3Rh) from this work. For clusters
with a 3-sigma rotation detection, we further report the value and the position of the peak of the rotation profile, Vpeak and Rpeak and
the V/σ parameter, defined as the ratio of the proper motion rotation peak and the central velocity dispersion. For all the other clusters
we report the 1-sigma upper limit of the V/σ parameter.
d Rh [Fe/H] (m−M)V E(B−V ) σ0 N µt(< 3Rh) Vpeak Rpeak/Rh V/σ
kpc arcmin mag mag km s−1 mas yr−1 mas yr−1 km s−1
NGC104 4.5 3.17 -0.72 13.37 0.04 12.2 28327 −0.251+0.004−0.005 0.291±0.006 -6.21±0.13 1.46±0.07 0.51± 0.01
NGC288 8.9 2.23 -1.32 14.84 0.03 3.3 6838 0.014+0.012−0.012 0.33
NGC362 8.6 0.82 -1.26 14.83 0.05 8.8 2191 −0.02+0.030−0.028 0.23
NGC1851 12.1 0.51 -1.18 15.47 0.02 10.2 823 0.012+0.042−0.043 0.30
NGC1904 12.9 0.65 -1.6 15.59 0.01 6.5 1382 0.067+0.037−0.038 0.99
NGC2808 9.6 0.8 -1.14 15.59 0.22 14.4 1835 −0.022+0.025−0.023 0.15
NGC3201 4.9 3.1 -1.59 14.2 0.24 4.5 12939 0.014+0.006−0.007 0.10
NGC4372 5.8 3.91 -2.17 15.03 0.39 4.9 6626 −0.033+0.005−0.005 -0.042±0.005 -1.15±0.14 2.05±0.61 0.23± 0.01
NGC4590 10.3 1.51 -2.23 15.21 0.05 3.7 3431 −0.001+0.022−0.023 0.30
NGC4833 6.6 2.41 -1.85 15.08 0.32 4.8 5933 0.009+0.008−0.008 0.11
NGC5139 5.2 5.0 -1.53 13.94 0.12 17.6 37813 0.171+0.005−0.005 0.251±0.017 6.19±0.42 0.95±0.1 0.35± 0.02
NGC5272 10.2 2.31 -1.5 15.07 0.01 8.1 8678 −0.042+0.005−0.005 -0.043±0.004 -2.08±0.19 1.81±0.58 0.26± 0.02
NGC5286 11.7 0.73 -1.69 16.08 0.24 9.3 1115 −0.094+0.041−0.042 0.80
NGC5904 7.5 1.77 -1.29 14.46 0.03 7.7 7321 0.096+0.010−0.011 0.11±0.009 3.91±0.32 2.22±0.69 0.51± 0.05
NGC5927 7.7 1.1 -0.49 15.82 0.45 6.5 1975 −0.028+0.020−0.020 0.27
NGC5946 10.6 0.89 -1.29 16.79 0.54 4.0 556 0.038+0.034−0.032 0.90
NGC5986 10.4 0.98 -1.59 15.96 0.28 8.3 2367 0.051+0.040−0.040 0.54
NGC6093 10.0 0.61 -1.75 15.56 0.18 9.5 916 −0.012+0.040−0.038 0.26
NGC6121 2.2 4.33 -1.16 12.82 0.35 4.6 13183 0.015+0.006−0.005 0.05
NGC6171 6.4 1.73 -1.02 15.05 0.33 4.3 4731 0.025+0.019−0.021 0.31
NGC6205 7.1 1.69 -1.53 14.33 0.02 9.2 9062 −0.035+0.014−0.013 0.18
NGC6218 4.8 1.77 -1.37 14.01 0.19 4.5 8297 −0.002+0.012−0.012 0.07
NGC6254 4.4 1.95 -1.56 14.08 0.28 6.2 8378 0.031+0.011−0.013 0.14
NGC6266 6.8 0.92 -1.18 15.63 0.47 15.2 1238 0.061+0.023−0.026 0.18
NGC6273 8.8 1.32 -1.74 15.9 0.38 11.0 2663 0.076+0.013−0.015 0.076±0.01 3.17±0.42 1.52±0.61 0.29± 0.04
NGC6304 5.9 1.42 -0.45 15.52 0.54 5.7 1047 −0.014+0.021−0.022 0.17
NGC6333 7.9 0.96 -1.77 15.67 0.38 1584 −0.018+0.015−0.016
NGC6341 8.3 1.02 -2.31 14.65 0.02 8.0 3670 0.018+0.025−0.024 0.21
NGC6352 5.6 2.05 -0.64 14.43 0.22 4.4 1707 0.001+0.014−0.013 0.09
NGC6366 3.5 2.92 -0.59 14.94 0.71 3.0 4284 0.004+0.009−0.009 0.07
NGC6362 7.6 2.05 -0.99 14.68 0.09 3.9 7243 0.006+0.008−0.008 0.12
NGC6388 9.9 0.52 -0.55 16.13 0.37 18.2 612 0.028+0.036−0.034 0.16
NGC6402 9.3 1.3 -1.28 16.69 0.6 11.1 2150 −0.031+0.011−0.011 0.16
NGC6401 10.6 1.91 -1.02 17.35 0.72 399 0.015+0.019−0.019
NGC6397 2.3 2.9 -2.02 12.37 0.18 5.2 12031 −0.011+0.005−0.005 0.03
NGC6522 7.7 1.0 -1.34 15.92 0.48 8.2 570 0.041+0.039−0.04 0.35
NGC6539 7.8 1.7 -0.63 17.62 1.02 5.9 787 −0.032+0.015−0.015 0.29
NGC6544 3.0 1.21 -1.4 14.71 0.76 6.4 1448 −0.007+0.019−0.018 0.06
NGC6541 7.5 1.06 -1.81 14.82 0.14 8.7 1697 −0.032+0.013−0.013 0.18
NGC6626 5.5 1.97 -1.32 14.95 0.4 12.6 2070 0.024+0.015−0.014 0.08
NGC6637 8.8 0.84 -0.64 15.28 0.18 774 −0.021+0.019−0.021
NGC6656 3.2 3.36 -1.7 13.6 0.34 8.4 12473 0.129+0.005−0.006 0.161±0.008 2.44±0.12 1.04±0.1 0.29± 0.03
NGC6681 9.0 0.71 -1.62 14.99 0.07 7.1 1159 0.015+0.043−0.039 0.35
NGC6712 6.9 1.33 -1.02 15.6 0.45 5.0 1011 −0.002+0.022−0.021 0.15
NGC6752 4.0 1.91 -1.54 13.13 0.04 8.3 11038 −0.033+0.006−0.006 -0.037±0.004 -0.7±0.08 1.49±0.41 0.08± 0.01
NGC6779 9.4 1.1 -1.98 15.68 0.26 6.1 2211 −0.044+0.018−0.017 0.46
NGC6809 5.4 2.83 -1.94 13.89 0.08 4.8 8316 0.037+0.005−0.005 0.055±0.017 1.41±0.44 3.46±1.82 0.29± 0.09
NGC6838 4.0 1.67 -0.78 13.8 0.25 3.3 3493 −0.008+0.005−0.005 0.08
NGC7078 10.4 1.0 -2.37 15.39 0.1 12.9 2211 0.088+0.012−0.011 0.109±0.007 5.37±0.35 1.61±0.29 0.42± 0.04
NGC7089 11.5 1.06 -1.65 15.5 0.06 10.6 1799 −0.055+0.013−0.012 -0.073±0.017 -3.98±0.93 0.88±0.34 0.38± 0.01
NGC7099 8.1 1.03 -2.27 14.64 0.03 5.5 2463 0.041+0.021−0.022 0.43
MNRAS 000, 000–000 (0000)
5Figure 1. Example of membership selection for NGC6656 and NGC6352. Red points indicate stars that passed all of the membership
selection criteria (see Section 3.1), grey points are the stars excluded from our sample, black points the isochrones used for the CMD
cleaning. Top left: field-of-view within 3 half-light radii of the cluster centre. Bottom left: proper motions along the x and y axis for the
stars in the field-of-view. Right: colour magnitude diagram for the stars in the field-of-view.
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that these systematics do not induce an artificial rotation
pattern in a typical GC field-of-view. We create a systemat-
ics pattern noise in a field-of-view of 10 arcmin and calcu-
late the mean tangential proper motion. Our test suggests
that within 10 arcmin the systematics are <0.5 µas yr−1,
well below our typical errors on the mean tangential velocity
(∼ 10 µas yr−1). Therefore we conclude that the small-scale
systematic errors do not dominate our measurements.
The fraction of rotating GCs detected in line-of-sight
studies is approximately ∼ 50% (Kamann et al. 2018). Here
we detect rotation in a lower fraction of clusters, ∼ 20% of
the sampled GCs. Assuming random inclinations for the ro-
tation axes of GCs (inclination angle i distributed as sin i di),
we expect to observe ' 70% of clusters with inclinations
higher than 45◦ (with an average angle of ' 60◦). This
would imply that clusters are preferentially observed with
an edge-on view, making a detection along the line-of-sight
more likely, and in agreement with the higher fraction of ro-
tating clusters reported in Kamann et al. (2018). However,
we note that the study of Kamann et al. (2018) and the one
in this work refer to different parts of the clusters, with the
Kamann et al. (2018) sample being more centrally concen-
trated. Additionally, the detection limits of Gaia DR2 could
likely limit the ability of measuring low-rotation signals for
clusters at larger distances. This could further explain the
different fractions of rotating clusters detected in the two
works.
In addition to the clusters for which we detected a signal
of rotation at a > 3-sigma level, we also report detection of
rotation at a 2-sigma confidence level for 11 GCs: NGC3201,
NGC5286, NGC6121, NGC6205, NGC6254, NGC6266,
NGC6397, NGC6402, NGC6539, NGC6541, NGC6779. We
identify these clusters as the best targets for follow-up plane-
of-the-sky rotation studies when higher quality data will be
available (e.g. the following Gaia data release).
3.3 Rotation maps and profiles
For the 11 clusters for which we reported a global detection
of rotation (> 3-sigma detection), we perform a more de-
tailed analysis in order to extract the spatial distribution of
the rotation signal; in particular, we construct proper mo-
tion rotation profiles and two-dimensional rotation maps.
Here we note that the procedure to select member stars
followed in Section 3.1 does not take into consideration the
radial-dependency of the velocity dispersion σ. For this rea-
son, we implement a further radial-dependent σ-clipping to
ensure that the contamination from background and fore-
ground stars is successfully minimized, especially in the
outer areas of the fields-of-view where the relative density
of contaminants is higher. For each cluster, we divide the
datasets into 5 radial bins containing the same number of
stars, we calculate the velocity dispersion in the tangential
component for each radial bin (using equations 2 and 3) and
exclude the stars with tangential velocities greater than 3σ.
The newly cleaned datasets are used to calculate the
rotation profiles, computed by dividing the field-of-view into
concentric radial bins containing the same number of stars.
For each bin we use equations 2 and 3 to calculate the mean
Figure 2. Mean proper motion along the tangential component
measured in a 3 half-light radii field-of-view around the cluster
centres. The absolute value of µt(< 3Rh) is plotted as a function
of the distance of the clusters. Red stars indicate clusters for
which rotation is detected at least with a 3-sigma confidence level.
Dotted lines indicate proper motion values in km s−1 for a given
distance (v = 4.74 dµ, with µ measured in mas yr−1, v measured
in km s−1 and d in kpc).
tangential velocity and associated errors. The details of the
profiles of each cluster are reported in Tables 2 and 3.
The two-dimensional velocity maps are computed by
first dividing the fields-of-view in a grid of equally sized bins
(grid of 30×30 and 50×50 bins for those clusters with low
and high number of stars, respectively) and then by using
the Voronoi binning algorithm (Cappellari & Copin 2003)
that re-bins the field-of-view into bins with an equal num-
ber of stars (with at least 100 stars per bin). For each bin
we calculate the mean velocity along the tangential com-
ponent and the associated errors, as described in Section 2
above. The rotation velocity profiles and maps are reported
in Figures 3, 4 and 5.
4 RESULTS
Figures 3-5 show the typical differential rotation pattern
characterized by lower values closer to the centre, a peak
in the intermediate region and a decrease toward the outer
part. For 6 out of the 11 rotating GCs we find counterclock-
wise rotation (positive values of the mean µt) while the other
5 display clockwise rotation. This is consistent with a ran-
dom distribution of rotation patterns, indicating that the
observed rotation is not due to systematics. To quantify the
contribution of rotation, we fit the profiles using the empiri-
cal profile provided by equation 1. With the fits we are able
to quantify the position and the value of the rotation peak,
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7Figure 3. Rotation curves and rotation maps for the 11 clusters for which a global value of rotation was detected (see also following
Figures 4 and 5.). Black points refer to the results from this work, while orange symbols are rotation profiles from the literature. The grey
curves correspond to the best fit rotation profile (equation 1) while the dotted blue vertical lines indicate the position of the half-light
radius Rh. Positive values in the rotation maps indicate a counterclockwise rotation on the plane-of-the-sky. The arrows indicate the
position angle of the rotation axis derived from line-of-sight studies (see Table 4).
as reported in Table 1. The detected maximum rotation sig-
nal ranges between ∼ 0.5 km s−1 for NGC4372 and ∼ 6
km s−1 for NGC104 and NGC5139, and the rotation peaks
are located within 0.5-2 Rh from the cluster centres (consis-
tent with the findings in line-of-sight studies, e.g. Bianchini
et al. 2013; Ferraro et al. 2018; see also Tiongco et al. 2017
for the expectation from N -body modelling). Note that a
proper crowding treatment was not implemented in Gaia
DR2 causing the lack of observed stars in very crowded re-
gions. This affects the central regions of most of our clusters,
were no data is available at small radii (< 1 arcmin).
We perform a comparison of the results obtained in this
work with the previous proper motion studies of NGC104
and NGC5139. For NGC104, we compare our results with
the rotation profile of Bellini et al. (2017) (HSTPROMO col-
laboration) measured with HST proper motions using the
background stars of the Small Magellanic Cloud as an abso-
lute reference frame. The first panel of Fig. 3 demonstrates
the excellent agreement between the two datasets, indicating
the optimal capability of Gaia to detect rotation signatures
in proper motions.
For NGC5139, we compare our results with the proper
motion rotation profile used in Bianchini et al. (2013), in-
dicating a good agreement between the two datasets (see
third panel of Fig. 3). The discrepancies visible around 10-
15 arcmin can be ascribed to the construction procedure of
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Figure 4. As in Figure 3.
MNRAS 000, 000–000 (0000)
9Figure 5. As in Figure 3.
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the literature sample (originally described in van Leeuwen
et al. 2000; van Leeuwen & Le Poole 2002). In fact, these
ground-based proper motions do not directly measure the
internal rotation of NGC5139, since the astrometric reduc-
tion process removes any signature of solid body rotation in
the cluster. A correction to the dataset has been applied to
recover the internal rotation signal, as described in Section
4 of van de Ven et al. (2006) exploiting a general relation
for axisymmetric objects.
4.1 Comparison with Gaia Collaboration et al.
(2018a)
In addition to the comparisons with previous proper mo-
tion rotation studies presented above, we perform a compar-
ison with the results presented in Gaia Collaboration et al.
(2018a), as part of the Gaia DR2. In particular, for each
of the 11 clusters for which we detected rotation and con-
structed rotation profiles, we assure that our membership se-
lection procedure (Section 3.1) gives results consistent with
the membership selection used in Gaia Collaboration et al.
(2018a). Our sample is restricted to the central 3Rh area
around the cluster centres, while the clean catalogs of Gaia
Collaboration et al. (2018a) extend to the tidal radii of the
clusters; moreover, our selection procedure takes into con-
sideration the radial dependency of the velocity dispersion
(see Section 3.3). We select the stars in common between
the two clean catalogs (using the members in Gaia Collab-
oration et al. 2018a reported in their Table D.3), and apply
our analysis to construct rotation maps and rotation pro-
files. The rotation profiles and maps obtained are consistent
with the one presented in this paper, stressing the robust-
ness of our results. In Figure 6, we show the comparison
between the global rotation values within 3Rh for our work
and for the stars in common with the Gaia Collaboration
et al. (2018a) catalog. A clear outlier is NGC5139, due to
the lack of coverage in the central region of the Gaia Col-
laboration et al. (2018a) selected data, that do not sample
the area around the rotation peak (see their Figure A.6).
4.2 Mean proper motion along the radial
component
So far we have concentrated exclusively on the tangential
component of the proper motions µt. For a consistency
check, we compute the profile of the radial component of
the proper motions µr using the same procedure described
in Section 3.3. Values of µr significantly different than zero
would indicate a contraction/expansion of the cluster (posi-
tive values of µr indicate expansion). A systematic contrac-
tion/expansion is expected due to the bulk motion of the
GC along the line-of-sight, as given by equation 6 of van de
Ven et al. (2006)
µr = −6.1363× 10−5 VlosR/d mas yr−1, (4)
where Vlos is the systemic velocity of the cluster along the
line-of-sight in km s−1, R is the distance to the cluster centre
in arcmin and d is the distance of the cluster to the sun in
kpc.
In Figures 7 and 8 we show the profiles of the
mean µr and overplot the expected perspective contrac-
tion/expansion from equation 4, using as values of Vlos the
Table 2. Rotation profiles derived in this paper and used in Fig-
ure 3, 4 and 5.
R µt elow eup
arcmin mas yr−1 mas yr−1 mas yr−1
NGC104 Nbin = 1355
2.10 -0.250 0.026 0.026
3.18 -0.285 0.027 0.024
3.78 -0.273 0.024 0.026
4.25 -0.293 0.023 0.023
4.67 -0.279 0.021 0.018
5.05 -0.282 0.020 0.019
5.39 -0.290 0.018 0.019
5.71 -0.290 0.018 0.018
6.01 -0.281 0.016 0.016
6.31 -0.241 0.016 0.016
6.60 -0.254 0.016 0.016
6.89 -0.269 0.015 0.016
7.18 -0.234 0.015 0.014
7.47 -0.251 0.014 0.014
7.77 -0.253 0.014 0.014
8.07 -0.253 0.014 0.014
8.38 -0.247 0.014 0.014
8.69 -0.234 0.014 0.013
9.01 -0.218 0.014 0.012
9.34 -0.209 0.013 0.013
NGC4372 Nbin = 1097
1.44 -0.010 0.011 0.011
2.75 -0.032 0.010 0.009
3.88 -0.036 0.010 0.010
5.34 -0.031 0.009 0.009
8.02 -0.044 0.007 0.007
NGC5139 Nbin = 1779
4.31 0.223 0.021 0.021
6.18 0.296 0.021 0.022
7.13 0.250 0.020 0.021
7.82 0.229 0.019 0.019
8.42 0.222 0.018 0.018
8.97 0.189 0.018 0.017
9.49 0.198 0.018 0.018
9.95 0.192 0.017 0.018
10.39 0.211 0.017 0.017
10.82 0.170 0.018 0.017
11.23 0.155 0.017 0.018
11.62 0.182 0.017 0.016
12.02 0.157 0.015 0.016
12.42 0.149 0.017 0.018
12.80 0.145 0.017 0.017
13.18 0.127 0.017 0.015
13.56 0.140 0.016 0.017
13.95 0.131 0.016 0.017
14.35 0.154 0.017 0.017
14.77 0.120 0.016 0.016
NGC5272 Nbin = 1079
1.37 -0.047 0.015 0.015
2.49 -0.034 0.012 0.011
3.34 -0.034 0.010 0.009
4.16 -0.042 0.010 0.009
5.10 -0.051 0.009 0.009
6.24 -0.038 0.008 0.008
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Table 3. Rotation profiles derived in this paper and used in Fig-
ure 3, 4 and 5.
R µt elow eup
arcmin mas yr−1 mas yr−1 mas yr−1
NGC5904 Nbin = 996
1.38 0.062 0.020 0.021
2.56 0.126 0.018 0.019
3.27 0.087 0.020 0.018
3.81 0.108 0.015 0.015
4.37 0.089 0.015 0.015
4.98 0.123 0.013 0.013
NGC6273 Nbin = 491
0.94 0.070 0.032 0.032
1.79 0.059 0.025 0.025
2.46 0.092 0.025 0.024
3.10 0.066 0.020 0.020
NGC6656 Nbin = 1181
1.89 0.134 0.017 0.018
3.17 0.147 0.018 0.018
3.98 0.177 0.020 0.018
4.70 0.148 0.017 0.017
5.37 0.158 0.016 0.015
6.05 0.127 0.016 0.015
6.80 0.140 0.015 0.016
7.60 0.144 0.015 0.015
8.50 0.095 0.015 0.014
9.51 0.095 0.014 0.014
NGC6752 Nbin = 1291
1.50 -0.040 0.020 0.021
2.47 -0.034 0.016 0.017
3.08 -0.026 0.015 0.014
3.59 -0.042 0.014 0.013
4.07 -0.038 0.012 0.013
4.53 -0.038 0.012 0.012
4.99 -0.025 0.010 0.011
5.48 -0.036 0.011 0.011
NGC6809 Nbin = 1302
1.79 0.012 0.009 0.009
3.18 0.033 0.010 0.010
4.23 0.054 0.011 0.011
5.42 0.040 0.009 0.009
7.12 0.053 0.010 0.009
NGC7078 Nbin = 342
0.80 0.089 0.025 0.024
1.47 0.113 0.020 0.019
1.97 0.091 0.018 0.016
2.41 0.114 0.017 0.018
2.81 0.092 0.018 0.019
NGC7089 Nbin = 276
0.73 -0.059 0.032 0.033
1.43 -0.074 0.019 0.020
2.02 -0.067 0.015 0.015
2.49 -0.031 0.020 0.020
2.93 -0.034 0.017 0.017
Figure 6. Comparison between the global values of rotation
within 3Rh from our work and from the stars in common with
Gaia Collaboration et al. (2018a) samples. The bottom panel
shows the difference between the two datasets, in mas yr−1.
one reported in Baumgardt & Hilker (2018). Despite the
scatter of the data due to small mean values of the order
of < 1 km s−1, our results show consistent trends with the
expected contraction/expansion. This results indicates that
if data systematics are present they are below the random
uncertainties of the data. A detailed analysis of the impact
of Gaia DR2 error systematics on the mean radial proper
motion component profiles will be presented in an upcoming
paper (Bianchini et al. in prep.).
4.3 V/σ parameter
A simple tool to assess the importance of internal rotation
in shaping stellar systems is the study of the V/σ parame-
ter (e.g., Davies et al. 1983; Emsellem et al. 2011; Bianchini
et al. 2013), defined as the ratio between the peak of the
rotation (from this work) and the central velocity disper-
sion (from line-of-sight measurements, Baumgardt & Hilker
2018).4 The V/σ values measured in this work are reported
in Table 1 and display values between 0.08 for NGC6752
and ∼0.5 for NGC104 and NGC5904. These values provide
the first measurements of V/σ on the plane-of-the sky for a
large sample of clusters.
For the clusters for which a global rotation signal was
not detected with a 3-sigma confidence level, we estimate
an upper limit of the V/σ as the upper 1-sigma limit of
the mean tangential proper motion measured within 3 half-
light radii, divided by the central velocity dispersion (as re-
ported in Table 1). In Figure 9 we relate the V/σ param-
eters derived in this work with a number of GC proper-
4 Note that an alternative method to define the V/σ parame-
ter has been presented in Emsellem et al. (2011) following the
definition provided in Binney (2005).
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Vlos=-17.2 km/s Vlos=75.3 km/s
Vlos=232.7 km/s Vlos=-147.2 km/s
Vlos=53.8 km/s Vlos=145.3 km/s
Figure 7. Profiles of average µr for the 11 clusters for which rotation has been detected. The vertical dashed lines indicate the half-light
radii, while the solid grey lines indicate the expected perspective expansion/contraction given by equation 4, calculated using the values
of the line-of-sight systemic motion of a GC specified on the top right of each plot (from Baumgardt & Hilker 2018).
ties, namely the cluster ellipticity, the half-mass relaxation
time Trh, metallicity [Fe/H], concentration c (from Harris
1996), the mass-to-light ratio M/L and total cluster mass M
(from Baumgardt & Hilker 2018). For each plot we perform
a Spearman rank test and calculate the Pearson correlation
coefficient indicating the correlation between V/σ and the
different cluster properties (we indicate the two correlation
coefficients with rs and rp, respectively). The correlation
tests are performed only for the objects with a 3-sigma ro-
tation detection (red symbols in Figure 9). We find weak to
moderate correlations, the strongest of which are between
the V/σ and the metallicity, the relaxation time, and the
total mass.
The correlation between line-of-sight rotation and
metallicity was reported in Bellazzini et al. (2012) and Lardo
et al. (2015), indicating higher rotation for metal-rich clus-
ters (rs = 0.423 and rs = 0.32 for Lardo et al. (2015) and
this work, respectively). As pointed out by Bellazzini et al.
(2012) this correlation, if confirmed, could be be indicative of
the earliest phases of GC formation, where higher metallic-
ity would imply higher efficiency in energy dissipation (see
Bekki 2010, 2011). This correlation was not confirmed in
Kimmig et al. (2015) and neither in Kamann et al. (2018),
whose data were however limited to the central areas only.
When we include all the clusters (grey upper limits in Fig-
ure 9) the hint of correlation between V/σ and metallicity
is not present anymore. We argue that a study of the in-
trinsic three-dimensional rotation signature is necessary to
reach a robust assessment of this correlation, to avoid the
complications derived by projection effects.
On the other hand, the correlation between V/σ and
the relaxation time is particularly interesting since it con-
nects the current properties of a cluster with its long-term
dynamical evolution. Angular momentum is expected to be
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Vlos=-147.8 km/s Vlos=-26.2 km/s
Vlos=174.8 km/s Vlos=-106.5 km/s
Vlos=-3.6 km/s
Figure 8. As in Figure 7.
transported outwards in a stellar systems while it dynami-
cally relaxes. This naturally causes the decline of the rota-
tion peak with time (see Tiongco et al. 2017 and references
therein). Therefore, clusters with longer relaxation times are
expected to retain more efficiently their primordial signa-
tures of internal rotation. This result confirms the finding
reported in Kamann et al. (2018) (rs = 0.55 and rs = 0.18
for Kamann et al. (2018) and this work, respectively) and
highlights the importance of internal rotation in the earli-
est phases of GC formation, despite the moderate ampli-
tude of rotation measured in present-day GCs. We notice
that the correlation between the V/σ and the total mass re-
inforces the validity of the discussion above, since clusters
with higher mass display longer relaxation times. When we
include all the clusters (grey upper limits in Figure 9) the
correlations are strengthened, given further support to our
previous findings.
4.4 Estimate of the inclination of the rotation axis
In this section we provide a first estimate of the inclination
of the rotation axis with respect the line-of-sight for a sub-
set of the GCs presented in this work. We apply two simple
methods to assess the inclination i: (1) we compare the ro-
tation on the plane-of-the-sky to the rotation along the line-
of-sight; (2) we exploit the two-dimensional rotation maps
presented in Section 3.3.
In general, line-of-sight values of V/σ higher than the
one measured on the plane-of-the-sky imply that a cluster
is viewed close to an edge-on projection, that is the rotation
axis is almost perpendicular to the line-of-sight (i > 45◦).
Vice versa, clusters with a rotation axis pointing close to the
direction of the line-of-sight (i < 45◦) will display higher
values of V/σ on the plane-of-the-sky. This comparison is
straightforward only for a limited number of clusters, since
only global values of the rotation strength are usually re-
ported and the peak of the rotation curve is not character-
ized (e.g. Kamann et al. 2018).
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Figure 9. V/σ parameter as a function of the clusters ellipticity, half-mass relaxation time Trh, metallicity [Fe/H], concentration c,
mass-to-light ratio M/L and total cluster mass M. The red symbols indicate the 11 GCs for which rotation has been detected at a >3-
sigma level, while grey symbols are the upper limits derived for all the other clusters. At the top of each plot we indicate the Spearman’s
rank correlation coefficient rs and the Pearson correlation coefficient rp and we overplot a linear fit to the data when an indication of
correlation is found. The correlation tests and the fits are performed only on the clusters with >3-sigma rotation detection.
Table 4. Estimate of the inclination of the rotation axis derived from a comparison between tangential PMs along the major and minor
axis (equation 6) and from a comparison between PM rotation and line-of-sight rotation (equation 5). φ represents the position angle
of the rotation axis (measured from North to East) from line-of-sight studies ((a) Kamann et al. 2018, (b) Kacharov et al. 2014), ∆ is
the width of the slit along the major and minor axis, µmint and µ
maj
t are the mean values of the tangential proper motions along the
minor/major axis.
φ ∆ µmint µ
maj
t i (eq. 6) i (eq. 5)
deg arcmin mas yr−1 mas yr−1 deg deg
NGC104 134.1 (a) 1.0 −0.27± 0.01 −0.27± 0.01 <45 26± 1
NGC4372 136 (b) 1.5 −0.025± 0.010 −0.013± 0.010 ' 60 49± 2
NGC5139 9.9 (a) 0.5 0.220± 0.024 0.163± 0.022 ' 40 44± 2
NGC5904 -54.3 (a) 0.5 0.094± 0.022 0.090± 0.021 <45 38± 3
NGC6656 -79.1 (a) 0.5 0.125± 0.021 0.104± 0.020 ' 35
NGC6752 139.1 (a) 0.5 −0.050± 0.018 −0.028± 0.016 ' 55
NGC7078 150.9 (a) 0.25 0.105± 0.023 0.110± 0.024 <45 29± 3
NGC7089 41.7 (a) 0.3 −0.073± 0.039 −0.020± 0.028 ' 75
NGC104, NGC5904, and NGC7078 have V/σ on the
plane-of-the-sky measured in this work of 0.51, 0.51 and
0.42, respectively, and of 0.25 (Bianchini et al. 2013), 0.4
(Lanzoni et al. 2018), and 0.23 (Bianchini et al. 2013) along
the line-of-sight. This indicates that the rotation axis is sig-
nificantly inclined and the intrinsic contribution of internal
rotation is higher than the one so far inferred from line-
of-sight data alone. This was already reported in Bellini
et al. (2017) for NGC104, where detailed axisymmetric ro-
tating models were applied to a three-dimensional kine-
matic dataset leading to an estimate of the inclination of
the rotation axis of i ∼ 30. This result was not previously
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known for NGC7078 and NGC5904 (Lanzoni et al. 2018).
For NGC4372 and NGC5139 the line-of-sight V/σ (0.26,
Kacharov et al. 2014, 0.34, Bianchini et al. 2013) are compa-
rable to the one on the plane-of-the-sky (0.23 and 0.35, re-
spectively), indicating that the systems are likely viewed on
an angle i ∼ 45◦ (see van de Ven et al. 2006 for NGC5139).
A more quantitative analysis can be carried out using
the following general relation for axisymmetric systems (see
equation 8 from van de Ven et al. 2006)
〈vlos〉(x′, y′) = 4.74 d tan i 〈µy′ 〉(x′, y′) (5)
connecting locally the average line-of-sight velocity vlos to
the average proper motion component along the rotation
axis of the system µy′ (corresponding to the minor axis);
with d the distance in kpc and i the inclination of the
rotation axis. A detailed comparison between line-of-sight
datasets and proper motion datasets is beyond the scope of
this work; however, we note that along the axis perpendicu-
lar to the rotation axis (i.e. the major axis), µy′ = µt. The
relation must also be valid at the peak of the rotation curve
(which is located at a similar position both for the line-of-
sight and for the proper motion rotation curves). Therefore,
we can use the values of V/σ from this work and the ones for
the line-of-sight from the literature to obtain a quantitative
estimate of the inclination angle, applying equation 5. We
obtain i ' 26◦ for NGC104 and i ' 44◦ for NGC5139 (fully
consistent with Bellini et al. 2017 and van de Ven et al. 2006,
respectively); i ' 49◦ for NGC4372, i ' 38◦ for NGC5904
and i ' 29◦ for NGC7078, consistent with the qualitative
discussion presented in the paragraph above. The results are
reported in Table 4.
An alternative way to measure the inclination of the
rotation axis consists of exploiting the spatial information
contained in the two-dimensional rotation maps presented
in Section 3.3. Assuming that all stars in an axisymmetric
GC rotate around the symmetry axis with velocity vrot, then
vrot can be written as the vectorial sum of the line-of-sight
rotation component and the plane-of-the-sky tangential ve-
locity component, v2rot = v2t + v2los. Limiting the analysis on
a slit along the minor axis vminlos = 0; while along the major
axis, vmajlos = vrot sin i, with i the inclination of the rotation
axis. It follows that
vmint = vrot
vmajt = vrot cos i.
(6)
Therefore, we can obtain an estimate of the inclination by
comparing the mean tangential proper motion along the mi-
nor and the major axis. Using the values of the position
angle of the rotation axis available from line-of-sight studies
(see Table 4 and Figures 3, 4 and 5) we rotate the clusters
so that the y axis coincides with the rotation axis. We then
consider all the stars within a slit with size ∆ along the ma-
jor and minor axis and calculate µmajt and µ
min
t using the
likelihood function given in equation 2. Comparing the val-
ues of µmajt and µ
min
t through equation 6 we estimate the
inclination angle for 8 GCs. We report the results in Table
4. We note that the values of inclination obtained using the
two different methods outlined in this section (equations 5
and 6) are fully consistent with each other.
5 CONCLUSIONS
We exploit the proper motion sample from Gaia DR2 to
conduct a systematic search for rotation signatures on the
plane-of-the-sky for a large sample of MW GCs. First we
select 51 clusters for which a signature of rotation of ' 1
km s−1 is likely to be measurable given the number of mea-
sured stars and their distance. For these clusters we select
Gaia DR2 data within three half-light radii of their cen-
tres and perform a cleaning of the sample to select prob-
able cluster members and discard contaminants. For each
cluster we measure the mean tangential proper motion com-
ponent within the selected field-of-view and consider as a
rotation detection the cases in which the mean velocity
is significantly different than zero at least at a 3-sigma
confidence level. With this procedure we identify 11 ro-
tating clusters: NGC104, NGC5139, NGC5272, NGC5904,
NGC6656, NGC6752, NGC6809, NGC7078 (for which ro-
tation was reported by Gaia Collaboration et al. 2018a)
and additionally NGC4372, NGC6273 and NGC7089. Ad-
ditionally, we reported 11 GCs with rotation detection at a
2-sigma level (NGC3201, NGC5286, NGC6121, NGC6205,
NGC6254, NGC6266, NGC6397, NGC6402, NGC6539,
NGC6541, NGC6779) and identify these GCs as the ideal
targets for follow-up internal rotation studies.
For each of the rotating clusters we construct proper
motion rotation profiles and two-dimensional velocity maps.
The rotation in the tangential component of our clusters is
characterized by a differential rotation structure, with low
rotation amplitudes near the centre, a peak in the region
around 0.5-2 Rh, and an outward decrease. The values of the
rotation peak span a range between ' 0.7 − 6 km s−1. For
consistency, we check the profiles for the radial component
of the proper motions and find them to be consistent with
the expected perspective expansion/contraction due to the
clusters’ bulk motions along the line-of-sight.
In order to quantify the relevance of rotation with
respect to random motion we measure the V/σ parame-
ter on the plane-of-the-sky, finding values between V/σ '
0.08 − 0.51. We report evidence for a mild correlation be-
tween V/σ and the relaxation time of a cluster, indicating
that dynamically relaxed clusters have more efficiently dis-
sipated their internal angular momentum, due to their long-
term dynamical evolution. Moreover, we find a correlation
between the V/σ and the metallicity of a cluster, with metal-
rich clusters exhibiting higher values of rotation. Both of
these correlations convey important pieces of information
for the early phases of cluster formation and subsequent dy-
namical evolution. However, we notice that a thorough in-
terpretation of these results would require the study of the
three-dimensional intrinsic angular momentum, in order to
avoid projection effects.
We show in this work that the kinematic information
from our proper motion analysis can be used to estimate the
three-dimensional structure of the clusters. We are able to
constrain the inclination of the rotation axis for 8 GCs, using
two different methods. We confirm previous literature stud-
ies indicating that NGC104 and NGC5139 have an inclina-
tion angle i ' 30◦ and i ' 45◦, respectively. For NGC4372,
NGC5904, NGC6656, NGC6752, NGC7078 and NGC7089
we provide the inclination measurement for the first time.
Our analysis reveals the strength of Gaia proper mo-
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tions for internal dynamical studies of GCs and sets the
basis for future comparisons with line-of-sight kinematics.
Finally, our work demonstrates the fundamental role of an-
gular momentum in todays GCs and emphasizes the need for
comprehensive three-dimensional dynamical studies to shed
light onto cluster dynamical evolution, cluster formation and
proto-GCs properties.
ACKNOWLEDGMENTS
We wish to thank the referee for useful comments that
helped improve the quality of the paper. PB acknowledges
financial support from a CITA National Fellowship. This
work has made use of data from the European Space Agency
(ESA) mission Gaia (https://www.cosmos.esa.int/gaia),
processed by the Gaia Data Processing and Analysis Con-
sortium (DPAC, https://www.cosmos.esa.int/web/gaia/
dpac/consortium). Funding for the DPAC has been pro-
vided by national institutions, in particular the institutions
participating in the GaiaMultilateral Agreement. This work
made use of the PyGaia package provided by the Gaia
Project Scientist Support Team and the Gaia Data Pro-
cessing and Analysis Consortium (https://github.com/
agabrown/PyGaia). This project is part of the HSTPROMO
(High-resolution Space Telescope PROper MOtion) Collab-
oration5, a set of projects aimed at improving our dynamical
understanding of stars, clusters and galaxies in the nearby
Universe through measurement and interpretation of proper
motions from HST, Gaia, and other space observatories. We
thank the collaboration members for the sharing of their
ideas and software.
REFERENCES
Anderson J., King I. R., 2003, AJ, 126, 772
Anderson J., van der Marel R. P., 2010, ApJ, 710, 1032
Baumgardt H., Hilker M., 2018, MNRAS,
Bekki K., 2010, ApJ, 724, L99
Bekki K., 2011, MNRAS, 412, 2241
Bellazzini M., Bragaglia A., Carretta E., Gratton R. G., Lucatello
S., Catanzaro G., Leone F., 2012, A&A, 538, A18
Bellini A., et al., 2014, ApJ, 797, 115
Bellini A., Bianchini P., Varri A. L., Anderson J., Piotto G., van
der Marel R. P., Vesperini E., Watkins L. L., 2017, ApJ, 844,
167
Bellini A., et al., 2018, ApJ, 853, 86
Bianchini P., Varri A. L., Bertin G., Zocchi A., 2013, ApJ, 772,
67
Binney J., 2005, MNRAS, 363, 937
Boberg O. M., Vesperini E., Friel E. D., Tiongco M. A., Varri
A. L., 2017, ApJ, 841, 114
Cappellari M., Copin Y., 2003, MNRAS, 342, 345
Cordero M. J., Hénault-Brunet V., Pilachowski C. A., Balbinot
E., Johnson C. I., Varri A. L., 2017, MNRAS, 465, 3515
Davies R. L., Efstathiou G., Fall S. M., Illingworth G., Schechter
P. L., 1983, ApJ, 266, 41
Einsel C., Spurzem R., 1999, MNRAS, 302, 81
Emsellem E., et al., 2011, MNRAS, 414, 888
Ester M., peter Kriegel H., Sander J., Xu X., 1996. AAAI Press,
pp 226–231
5 http://www.stsci.edu/~marel/hstpromo.html
Fabricius M. H., et al., 2014, ApJ, 787, L26
Feldmeier A., et al., 2014, A&A, 570, A2
Ferraro F. R., et al., 2018, preprint, (arXiv:1804.08618)
Foreman-Mackey D., Hogg D. W., Lang D., Goodman J., 2013,
PASP, 125, 306
Gaia Collaboration et al., 2016a, A&A, 595, A1
Gaia Collaboration et al., 2016b, A&A, 595, A2
Gaia Collaboration et al., 2018a, preprint, (arXiv:1804.09381)
Gaia Collaboration Brown A. G. A., Vallenari A., Prusti T., de
Bruijne J. H. J., Babusiaux C., Bailer-Jones C. A. L., 2018b,
preprint, (arXiv:1804.09365)
Harris W. E., 1996, AJ, 112, 1487
Hénault-Brunet V., et al., 2012, A&A, 546, A73
Hénault-Brunet V., Gieles M., Agertz O., Read J. I., 2015, MN-
RAS, 450, 1164
Heyl J., Caiazzo I., Richer H., Anderson J., Kalirai J., Parada J.,
2017, ApJ, 850, 186
Hong J., Kim E., Lee H. M., Spurzem R., 2013, MNRAS, 430,
2960
Jeffreson S. M. R., et al., 2017, MNRAS, 469, 4740
Kacharov N., et al., 2014, A&A, 567, A69
Kamann S., et al., 2018, MNRAS, 473, 5591
Kim E., Yoon I., Lee H. M., Spurzem R., 2008, MNRAS, 383, 2
Kimmig B., Seth A., Ivans I. I., Strader J., Caldwell N., Anderton
T., Gregersen D., 2015, AJ, 149, 53
Lane R. R., Kiss L. L., Lewis G. F., Ibata R. A., Siebert A.,
Bedding T. R., Székely P., Szabó G. M., 2011, A&A, 530,
A31
Lanzoni B., et al., 2018, preprint, (arXiv:1804.10509)
Lardo C., et al., 2015, A&A, 573, A115
Libralato M., et al., 2018, preprint, (arXiv:1805.05332)
Lindegren L., et al., 2018, preprint, (arXiv:1804.09366)
Mackey A. D., Da Costa G. S., Ferguson A. M. N., Yong D., 2013,
ApJ, 762, 65
Mapelli M., 2017, MNRAS, 467, 3255
Marigo P., et al., 2017, ApJ, 835, 77
Massari D., Bellini A., Ferraro F. R., van der Marel R. P., An-
derson J., Dalessandro E., Lanzoni B., 2013, ApJ, 779, 81
Mastrobuono-Battisti A., Perets H. B., 2013, ApJ, 779, 85
Mastrobuono-Battisti A., Perets H. B., 2016, ApJ, 823, 61
McLaughlin D. E., Anderson J., Meylan G., Gebhardt K., Pryor
C., Minniti D., Phinney S., 2006, ApJS, 166, 249
McNamara B. J., Harrison T. E., Anderson J., 2003, ApJ, 595,
187
Milone A. P., Marino A. F., Mastrobuono-Battisti A., Lagioia
E. P., 2018, MNRAS, 479, 5005
Nguyen D. D., et al., 2018, ApJ, 858, 118
Peterson R. C., Cudworth K. M., 1994, ApJ, 420, 612
Tiongco M. A., Vesperini E., Varri A. L., 2017, MNRAS, 469, 683
Tiongco M. A., Vesperini E., Varri A. L., 2018, MNRAS, 475, L86
Vesperini E., Varri A. L., McMillan S. L. W., Zepf S. E., 2014,
MNRAS, 443, L79
Watkins L. L., van der Marel R. P., Bellini A., Anderson J., 2015a,
ApJ, 803, 29
Watkins L. L., van der Marel R. P., Bellini A., Anderson J., 2015b,
ApJ, 812, 149
van Leeuwen F., Le Poole R. S., 2002, in van Leeuwen F., Hughes
J. D., Piotto G., eds, Astronomical Society of the Pacific Con-
ference Series Vol. 265, Omega Centauri, A Unique Window
into Astrophysics. p. 41
van Leeuwen F., Le Poole R. S., Reijns R. A., Freeman K. C., de
Zeeuw P. T., 2000, A&A, 360, 472
van de Ven G., van den Bosch R. C. E., Verolme E. K., de Zeeuw
P. T., 2006, A&A, 445, 513
van den Bergh S., 2008, AJ, 135, 1731
van den Bosch R., de Zeeuw T., Gebhardt K., Noyola E., van de
Ven G., 2006, ApJ, 641, 852
van der Marel R. P., Fardal M. A., Sohn S. T., Patel E., Besla
MNRAS 000, 000–000 (0000)
17
G., del Pino-Molina A., Sahlmann J., Watkins L. L., 2018,
preprint, (arXiv:1805.04079)
MNRAS 000, 000–000 (0000)
